In recent years, there has been a growing interest in the use of highoccupancy toll (HOT) lanes as an alternative to high-occupancy vehicle (HOV) lanes to help manage the increasing demand for travel. HOT lanes combine pricing and vehicle occupancy restrictions to optimize the demand for HOV lanes. As two of the five HOT lanes in the world, the HOT lane facilities in Houston, Texas, require peak period travelers in vehicles with two occupants to pay a toll to use the lanes. During other periods of the day, two-occupant vehicles can use the lanes for free. Single-occupancy vehicles (SOVs) are never allowed. There was an opportunity to increase the usage of these HOT lanes by allowing SOV travelers to use the lanes during the off-peak periods, for an appropriate toll. This research examined the potential SOV demand for HOV lane use during the off-peak periods from the Katy Freeway and Northwest Freeway general purpose lane travelers. Of course, allowing SOVs on the HOV lanes is a multifaceted policy decision that has not been tackled by the operating agencies, and this research simply estimates the demand if such an option existed. This included estimating two important factors that influenced travelers' potential use of the HOV lanes: their value of travel time savings (VTTS) and their value of penalty for changing their travel schedule (VPCS). It was found that respondents had VTTS approximately 45% of their hourly wage rate and VPCS approximately 3% of their hourly wage rate. Combining this information with current travel time savings and available capacity on the HOV lanes, it was found that approximately 2,000 SOV travelers per day would pay a combined total of $4,500 to use the HOV lanes during the off-peak periods.
As a result of the expanding population and growing economy of the United States, traffic congestion has worsened and caused significant economic costs along with increased environmental and energy concerns in many urban and suburban areas (1) . To minimize traffic congestion, transportation professionals work to balance the supply of, and demand for, transportation facilities. Traditionally, more focus has been placed on increasing the supply of transportation infrastructure. However, transportation engineers and planners are now focusing additional attention on managing the increasing demand for transportation (2) , so as to create a better balance between the demand for road capacity and the supply of infrastructure, to encourage more efficient use of the existing transportation network, and to build more capacity when and where it is most needed. A successful travel demand management technique is the use of highoccupancy vehicle (HOV) lanes, which reserve some freeway lanes for the exclusive use of buses, carpools, and other high-occupancy vehicles. In recent years, there has been a growing interest in the use of high-occupancy toll (HOT) lanes as an alternative to HOV lanes to help manage the increasing demand for travel (3) . HOT lanes provide free or reduced-cost service to HOV travelers, while also allowing travelers with fewer occupants in their vehicles to pay a toll to use the lanes. HOT lanes introduce pricing strategies to the use of HOV lanes so that the traffic volume on the lanes is controlled, ensuring that the lanes do not become congested while serving as many vehicles as possible.
The Houston QuickRide Program is a successful example of HOT lane implementation. QuickRide exists on the HOV lanes along Houston's Katy Freeway (I-10) and Northwest Freeway (US-290) (4). The Houston QuickRide Program was initially implemented on the Katy Freeway HOV lane in January 1998. This program allowed a limited number of travelers in HOV-2 carpools to use the Katy Freeway HOV lane during the morning and afternoon peak periods for a toll of $2.00, while HOV-3+ travelers continued to use the lane for free. In November 2000, this program expanded to the Northwest Freeway HOV lane. The Northwest Freeway HOT lane had operational parameters similar to the Katy Freeway HOT lane except that QuickRide was implemented only during morning peak period. The Northwest Freeway HOV lane was not as congested in afternoon peak period, so all HOV-2+ travelers continued to use the HOV lane for free at that time.
The average QuickRide demand on the Katy Freeway HOT lane in 1998 was 103 trips per day (4) . After the introduction of QuickRide on the Northwest Freeway, the total average demand on the two HOT lanes rose to 131 trips per day in 2000 and 182 trips per day in 2002, significantly below the targeted demand of 600 QuickRide vehicles per peak hour (4) . The traffic flow on the HOV lanes usually decreased during the off-peak hours (5), so excess capacity existed on these HOV lanes during the off-peak hours.
The objective of this research was to estimate the potential singleoccupancy vehicle (SOV) demand for paid usage of the Katy Freeway and the Northwest Freeway HOV lanes by general purpose lane (GPL) travelers during off-peak periods and to recommend strategies to increase the patronage of these HOV lanes by allowing SOV travelers to use these lanes for a toll. To accomplish these objectives, traveler's value of travel time savings and value of the penalty for changing travel schedule were examined. These characteristics were critical in determining the number of SOV travelers who were willing to travel during the off-peak times and pay a toll for HOV lane use. This research shows potential demand for this travel option. However, allowing SOV travelers on HOV lanes is a multifaceted policy decision that is based on much more than the potential demand. Knowing that demand exists is simply one piece of information that will help policy makers as they attempt to achieve the maximum societal benefits from the transportation system.
To predict this demand, discrete choice models were estimated to calculate the probabilities that travelers would pay a toll to use the HOV lanes as SOV travelers under different travel time savings and toll scenarios. This required revealed-preference and statedpreference data collected from the GPL travelers on the Katy Freeway and Northwest Freeway corridors. The data analyzed in this research were collected from corridor travelers (except those already enrolled in the QuickRide program) in a survey conducted for this research in November 2003. Further details of this survey can be found in Burris and Stockton (5) .
Each survey included four stated-preference questions with four mode choice options for each question (see Figure 1 ). Each traveler was asked to choose a preferred mode among four hypothesized scenarios marked as A, B, C, and D in each question. Each scenario was characterized by mode, travel time (two or three levels depending on mode), and toll rate (two or three levels depending on mode) factors. In total there were nine potential mode choices, including
• SOV on the HOV lane in the off-peak period (SOV-HOV-OP);
• SOV on the GPLs in the off-peak period (SOV-GPL-OP);
• HOV-2 on the GPLs in the peak period (HOV2-GPL-P);
• SOV on the HOV lane in the peak period (SOV-HOV-P);
• Transit, using the park-and-ride lot (P&R-T);
• HOV-2 on the HOV lane in the off-peak period (HOV2-HOVOP);
• SOV on the GPLs in the peak period (SOV-GPL-P);
• HOV-2 on the HOV lane in the peak period (HOV2-HOV-P); and
• HOV-3 on the HOV lane in the peak period (HOV3-HOV-P).
The traffic volume on the HOV lanes during the peak hours has been close to the capacity of the lanes, so excess HOV lane capacity generally exists only during off-peak hours. Therefore, the SOV-HOV-OP option was the option that was of most interest to both encourage HOV lane usage and increase revenues.
DISCRETE MODE CHOICE MODELING
The method of discrete choice modeling was applied in this research. With the appropriate data sets collected from traveler surveys, the utility functions of all travel mode alternatives were estimated (see Equation 1). The mode choice decision of each individual was then predicted by a comparison of the probabilities of all competing mode alternatives with standard nested multinomial logit modeling. The estimated model could also be used to calculate the proportion of travelers who would change their decisions in response to the changes of some important factors (for example, travel time savings and toll levels). In addition, some marginal effect variables such as traveler's value of travel time savings and value of penalty for changing travel schedule could be estimated by a comparison of the disutility of these variables with the disutility of a toll (see Equation 2) .
where U i,n = utility of an alternative i to an individual n; i = set of alternatives available to the individual; X i = stated-preference variables in the model, which are a vector of measurable attributes (travel time savings and toll) of each travel alternative; X n = revealed-preference variables in the model, which are a vector of measurable characteristics (age, gender, occupation, etc.) of each individual; β i = vector of the coefficients of X i ; β n = vector of the coefficients of X n ; and ⑀ i,n = unobservable factors (random utility).
Drive with one passenger on the main freeway lanes during peak hours. 
Value of Travel Time Savings
The value of travel time savings (VTTS) was a critical parameter in travel behavior and traffic assignment analysis because of its importance in a traveler's choice among multiple competing modes or routes, particularly when one is tolled (6) . In neoclassical microeconomics, VTTS was defined as the willingness to pay for a unit travel time savings, and therefore it varied with the trip characteristics and individual socioeconomic characteristics (6) . Generally, the VTTS was also regarded as the traveler's value of time (VOT). Brownstone and Small (7) defined VOT as "the marginal rate of substitution of travel time for money in a traveler's indirect utility function," which linked the VOT with discrete choice modeling. With the notations in Equation 1, and assuming that only two variables included in X i measured the toll C i and travel time T i , respectively, the VOT was therefore defined as
So the VTTS could be given by the ratio of the coefficients of travel time and toll, which were two variables in the discrete choice model. It was important to estimate the traveler's VTTS before making a congestion pricing policy on the HOV lanes, as it was a realistic indication of how the SOV travelers would choose between travel time savings and toll rates, and it had been an important modeling input of almost all the currently ongoing tollway projects.
Value of Penalty for Changing Travel Schedule
Similarly, with the introduction of the variables peak and offpk to represent the travel time period (if peak = 1 or offpk = 0, the respondent traveled during the peak period; and if peak = 0 or offpk = 1, the respondent traveled during the off-peak period), the traveler's value of penalty for changing travel schedule (VPCS) also could be estimated through the marginal effect of the variable peak or offpk with respect to the toll variable. This indicated the monetary value at which travelers felt indifferent to the penalty that they would suffer
from changing their travel schedule or paying that penalty. The peak periods were defined as the periods of time from 6:45 a.m. to 8:00 a.m. and from 5:00 p.m. to 6:00 p.m. The off-peak periods were defined as all the other time periods. The traveler's VPCS is an indication of how the travelers judge the levels of importance between monetary cost and penalty for travel schedule shift. For example, many travelers might be willing to alter their time of travel in exchange for traveling when congestion is greatly reduced (such as the off-peak period on the HOV lane). However, combine that change in schedule with an HOV lane toll and only some of the travelers would be willing to make the change. Therefore, it was important to estimate the traveler's VPCS before attempting to estimate the number of travelers who would switch to the SOV-HOV-OP mode.
Modeling Analysis and Results: Katy Freeway Travelers

Discrete Mode Choice Modeling for Katy Freeway Travelers
Many potentially influential socioeconomic variables were tested in numerous preliminary discrete choice modeling trials. Generally, only those variables that were statistically significant at the 95% level and showed negligible correlation with other variables were used in the final model. An exception to this was that alternative specific coefficients were included regardless of their significance level. Additionally, many combinations of variables and several nesting alternatives were tested to develop the model with the greatest predictive ability. The specification of the model for Katy Freeway travelers, the explanatory variables used in the model, the nesting structure, and the model results are shown in Figure 2 and Table 1 .
Estimation of Potential SOV Demand for the HOV Lane on Katy Freeway
On the basis of the estimated utility functions (Table 1) , the utility of each mode option was calculated for every one of the 415 off-peak respondents and 341 peak respondents who were driving on the 
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The utility function of this mode only contained the generic variables, trtime and tollinc, because this mode was specified as the HOV peak reference mode. Katy Freeway GPLs during the off-peak and the peak periods. The option with the highest utility value was recorded as each individual's predicted mode choice. Next, the toll levels and travel time savings were varied, and probabilities for travelers to choose SOV-HOV-OP under these different scenarios were calculated for the off-peak respondents group and the peak respondents group. In this manner, the potential SOV demands from these two groups of travelers were estimated independently, as there could be considerable difference between the willingness of the peak and offpeak SOV GPL travelers to pay to use the HOV lane during the off-peak periods (see Figure 3 and Figure 4 ).
Not surprisingly, as the travel time savings decreased or the toll increased, the proportion of travelers who chose SOV-HOV-OP decreased. As shown in the following section, the relationship between these two variables indicated the traveler's value of travel time savings and was an important aspect in the mode choice of these travelers.
Katy Freeway Traveler's Value of Travel Time Savings
Travelers' VTTS often varies with their wage rates. To accommodate this in the models, the toll variable (tollinc) was defined as an integration of toll rate and traveler's annual household income:
The equation for calculating the VTTS was therefore where VTTS = the value of travel time savings ($/h), U = the utility function, β trtime = coefficient of the variable trtime, and β tollinc = coefficient of the variable tollinc.
In this survey, respondents could choose from nine annual household income ranges, and the midpoint of each range was used in Equation 5 to calculate the VTTS. The calculated VTTS for Katy Freeway travelers was found to be approximately 42% of their equivalent hourly wage. The traveler's hourly wage rate was not recorded in the survey, and a surrogate measure was used. In this case the annual household income was divided by 2,000 work hours per year. This provided a fairly accurate estimate for households with a single wage earner but overestimated wage rate in the case of multiplewage earner households. According to recent research (8, 9), a traveler's VTTS generally ranged from 20% to 50% of the traveler's hourly wage rate. The VTTS found in this research was comparable with results of previous studies.
Katy Freeway Traveler's Value of Penalty for Changing Travel Schedule
As described earlier, the factors influencing a traveler's travel schedule included a penalty for changing the travel schedule to a lesspreferred time of travel. For peak period travelers, the penalty for changing their travel schedule to off-peak periods included the penalties for early departure or late arrival. For off-peak period travelers, the penalty for changing their travel schedule to peak periods was primarily from travel time disutility. Theoretically, all travelers attempted to select the minimum disutility departure time to minimize the total cost of their trips, and this was the source of commuting traffic congestion (10, 11) . Even though a heterogeneous group of travelers may have had departure times slightly different from one another, the work start times of many travelers were similar enough to cause traffic congestion. While many travelers chose to travel during peak periods to avoid the penalty for early departure and late arrival, a number of travelers chose to travel during off-peak periods to avoid the disutility for driving in traffic congestion (travel time disutility) because of their flexible work schedule.
There existed a monetary value (toll) such that, if charged only during the peak periods, travelers who normally chose to travel dur- ing the peak time would be indifferent to changing their peak time of travel to an off-peak time of travel (VPCS peak to off-peak ). Conversely, there also existed a monetary value such that, if charged only during the off-peak periods, travelers who normally chose to travel during the off-peak time would be indifferent to changing their off-peak time of travel to a peak time of travel (VPCS off-peak to peak ). This monetary value was defined as a traveler's value of penalty for changing travel schedule. The equations for calculating the VPCS in this study were where VPCS peak to off-peak = value of penalty for changing travel schedule from the preferred peak period to the off-peak period ($), VPCS off-peak to peak = value of penalty for changing travel schedule from the preferred off-peak period to the peak period ($), U SOV-GPL-OP = utility function of mode option SOV-GPL-OP, U SOV-GPL-P = utility function of mode option SOV-GPL-P, β apeak = coefficient of the variable apeak, β goffpk = coefficient of the variable goffpk, and β tollinc = coefficient of the variable tollinc.
These values, along with VTTS, play an important role in determining the mode travelers selected as SOV-HOV-OP required peak period travelers to alter their departure time. The calculated VPCS peak to off-peak for Katy Freeway travelers was 3% of their hourly wage rate while the VPCS off-peak to peak was 2% of their hourly wage rate.
Modeling Analysis and Results: Northwest Freeway Travelers
A similar analysis was conducted with the data collected from the Northwest Freeway travelers. All modeling processes were similar to those used to estimate the model of Katy Freeway travelers, including the nesting structure shown in Figure 2 . The specification of the model for the Northwest Freeway travelers, the explanatory variables used in the model, and modeling results are summarized in Table 2 .
On the basis of the estimated utility functions, the utility of each mode option was calculated for each of the 453 off-peak respondents and the 426 peak respondents who were driving on Northwest Freeway GPLs during the off-peak and the peak periods. The option with the highest utility value was recorded as each individual's predicted trip mode choice. Probabilities for travelers to choose mode option SOV-HOV-OP under different scenarios of travel time savings and toll levels for this option were then calculated for the off-peak respondents group and the peak respondents group, 
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The utility function of this mode only contained the generic variables, trtime and tollinc, because this mode was specified HOV peak as the reference mode.
Inclusive value parameters Alone = 0.90 (0.000) Carpool = 0.60 (0.000) Transit = 1.00 (0.005) ρ 2 = 0.584 Log likelihood function = −2589.7 ρ −2 = 0.583 Number of observations = 2836 so the potential SOV demand from these two groups of travelers was estimated separately. The calculated VTTS for Northwest Freeway travelers was 49% of their hourly wage rate. The calculated VPCS peak to off-peak was 4% of their hourly wage rate, and the VPCS off-peak to peak was 2% of their hourly wage rate for Northwest Freeway travelers.
Discussion of Modeling Results
Next, the modeling results from the travelers on the Katy Freeway and the Northwest Freeway were compared. Given the same travel time savings and toll, the percentage of travelers who were willing to switch their travel mode to SOV-HOV-OP on the Katy Freeway was higher than on the Northwest Freeway (see Figure 5 ). To determine why Katy Freeway travelers were more likely to choose to travel as SOV travelers on the HOV lane for a toll, the VTTSs on the two freeways were compared. Travelers on the Northwest Freeway had a slightly higher VTTS (as a percent of wage rate) than travelers on the Katy Freeway. Theoretically, travelers with higher VTTSs would be more willing to pay to use the HOT lane. However, travelers on the Northwest Freeway had higher VTTSs but were still less willing to pay to use the HOT lane compared with the travelers on the Katy Freeway. To explain this conflicting result, the distribution of the population by annual household income levels on these two corridors was examined (see Figure 6 ). The distribution of travelers by household income on the Katy Freeway and the Northwest Freeway were similar, except that the percentage of travelers with annual household incomes of $200,000 or more was almost three times larger on the Katy Freeway.
To examine what impact these high-income travelers would have on the models, the different mode choice behaviors between the travelers whose annual household incomes were $200,000 or more and the other travelers with lower incomes were examined for both Katy Freeway and Northwest Freeway travelers (see Figure 7 and Figure 8 , respectively). The travelers with higher incomes were more likely to choose the tolling mode options. This may partially explain why GPL travelers on the Katy Freeway were more willing to pay to use the HOV lane as SOV travelers during off-peak periods. A larger percentage of those travelers had a very high VTTS and were significantly more likely to choose travel options that saved travel time, despite a toll.
Another potential explanation may be based on the comparison of Katy Freeway and Northwest Freeway travelers' VPCSs. Travelers on the Northwest Freeway had similar VPCS off-peak to peak but higher VPCS peak to off-peak than travelers on the Katy Freeway. Therefore, it could be inferred that travelers on the Northwest Freeway found switching their time of travel from the peak period more arduous (had a higher disutility) than travelers on the Katy Freeway. They preferred traveling during the peak hours and were not as flexible with the travel schedule as the travelers on the Katy Freeway. This was likely another reason that travelers on the Katy Freeway were more willing to pay to use the HOV lane as SOV travelers during the off-peak periods.
Potential HOV Lane Off-Peak Pricing Levels
On the basis of the estimated models, travel time savings data, and traffic volumes on the HOV lanes and GPLs, the optimal HOV lane pricing scheme for SOV travelers during the off-peak periods was vehicle occupancy counts conducted on the two freeways for the QuickRide project, it was found that approximately 90% of all vehicles on the GPLs were SOVs (12) . The available SOV volume on the GPLs was therefore 90% of the total GPL volume. The GPL travelers from the off-peak periods possibly would be interested in switching from the GPLs to the HOV lane while still traveling in the same time schedule. It also would be possible for the peak period GPL travelers to change their travel mode to SOV on the HOV lane during the off-peak periods. Therefore, it was necessary to estimate the potential SOV demand from the off-peak GPL travelers and the peak GPL travelers separately, and the sum of them yielded the total SOV demand for using the HOV lane during the off-peak periods. It was assumed that peak GPL travelers would switch only to the off-peak times close to their previous time of travel. Therefore, these travelers switched to SOV-HOV-OP only if there was capacity available on the HOV lane within 30 min of their current time of travel. Thus, some afternoon peak period Katy Freeway GPL travelers were assumed not to change their time of travel (regardless of the model results), as the HOV lane was full from 16:30 to 17:00.
The summary of the recommended off-peak toll schedules is presented in Table 3 and Table 4 . A minimum toll of $0.50 was assumed even when that resulted in zero travelers choosing the option. This was standard practice for two of the other variable-priced HOT lanes (I-15 FasTrak and SR-91 Express Lanes) to keep a sudden influx of SOV vehicles out of the HOV lane, and some travelers still chose to pay the $0.50 despite the small travel time savings.
According to these calculations, allowing SOV travelers to pay to use the HOV lane during the off-peak periods could attract more participants (approximately 2,000 vehicles per day) and generate more revenue (approximately $4,500 per day) on the Katy Freeway and the Northwest Freeway. The potential demand was larger on the Katy Freeway than on the Northwest Freeway, which was consistent with the demand analysis developed in the previous sections.
CONCLUSIONS
Discrete choice models based on traveler responses to a 2003 survey conducted on the Katy Freeway and the Northwest Freeway were used to estimate the potential demand from SOV travelers for paying to use the HOV lanes during the off-peak periods. As part of this analysis, the traveler's VTTS and VPCS on these two corridors were estimated, and an optimal pricing scheme for allowing SOV travelers to use the HOT lanes during the off-peak periods was determined. Travelers were more likely to choose to drive on the HOT lanes as SOV travelers during the off-peak periods if the facilities provided higher travel time savings and charged lower tolls. Travelers on the Katy Freeway were more likely to pay to drive on the HOT lane alone during the off-peak periods compared with travelers on the Northwest Freeway. The predicted SOV traveler off-peak demand and toll revenues on the Katy Freeway HOT lane (approximately 1,200 travelers and $2,500 per day) were also higher than those on the Northwest Freeway HOT lane (approximately 800 travelers and $2,000 per day). Travelers on the Northwest Freeway had a higher VTTS (approximately 49% of their hourly wage rate) and VPCS peak to off-peak (approximately 4% of their hourly wage rate) than those on the Katy Freeway (approximately 42% and 3% of their hourly wage rate, respectively).
The results of this study provided insight into some of the traveler's characteristics (for example, VTTS and VPCS), which helped to predict travelers' mode choice behaviors. Also, significant revenue (approximately $4,500 per day) could be obtained from charging SOV travelers to use the HOV lanes on the Katy Freeway and the Northwest Freeway during the off-peak periods. This would increase the utilization of the HOV lanes (by approximately 2,000 additional travelers per day) as well. However, a significant policy change would be required for the operating agencies involved with these lanes. Such a change involves much more than simply knowing that demand exists-however, knowledge of that demand is a significant initial step. 
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